Diamond is essentially impermeable and unreactive under many conditions, and tiny mineral inclusions within natural diamonds can faithfully preserve information on the chemical and physical conditions during diamond growth. The stable isotope ratios of carbon, nitrogen, oxygen, and sulfur in diamonds and their mineral inclusions have been used to constrain models of diamond formation, but interpretations of the data have differed dramatically. The crux of the controversy lies in the interpretation of the carbon isotope ratios of eclogite-suite diamonds, which range well outside those expected for typical mantle materials such as peridotites, basalts, and carbonatites. Proposed explanations for these anomalous carbon isotope ratios include derivation from primordial mantle inhomogeneities, fractionated mantle fl uids, and subducted biogenic carbon. Working with samples from three continents, we have analyzed the carbon isotope compositions of eclogite-suite diamonds and the oxygen isotope composition of their mineral inclusions, primarily by ion microprobe methods. We have discovered a previously unrecognized, remarkably consistent anticorrelation between these two isotopic systems, in that virtually all diamonds with anomalously low carbon isotope ratios have silicate inclusions with anomalously high oxygen isotope ratios. This is a fundamental observation that can only be explained by formation of eclogite-suite diamonds through subduction of seafl oor altered basalt, admixed with marine biogenic carbon, into the fi eld of diamond stability.
INTRODUCTION
From the study of diamonds that contain syngenetic inclusions, and of diamond-bearing mantle xenoliths, it is clear that most natural diamonds belong to one of two suites, peridotitic and eclogitic. Diamonds of the peridotite (P) paragenesis appear to be more common than eclogitic (E) diamonds, and most geochemical features of P-suite diamonds and associated minerals seem to indicate origin of the great majority of P-suite diamonds entirely within the upper mantle (Cartigny, 2005) . In contrast, many diamonds of the E suite have geochemical features that some workers have ascribed to inheritance from a crustal protolith (e.g., Sobolev et al., 1979; Kirkley et al., 1991; Eldridge et al., 1991; Schulze et al., 2003) . The δ
13
C values of E-suite diamonds range from approximately −39‰ to +5‰ VPDB (Vienna Peedee belemnite carbon isotope standard), as recently reviewed by Cartigny (2005) . This wide range contrasts with that of the vast majority of peridotitic diamonds that have δ 13 C values in the range −8‰ to −2‰, typical of carbon isotope compositions of most mantle-derived materials, such as basalts and carbonatites (e.g., Cartigny, 2005) . The unusually wide range of δ
C values and the large number below −8‰ in diamonds of the eclogite suite have been variably attributed to mantle fractionation effects, the persistence of primordial inhomogeneities in the mantle, and crustal carbon subducted into the mantle. Supporting evidence for the fractionation and subduction hypotheses has been cited from nitrogen isotope studies of diamonds (Cartigny et al., 1998) and sulfur and oxygen isotope studies of phases included in diamonds (Eldridge et al., 1991; Lowry et al., 1999; Schulze et al., 2003) , respectively, but the origin of E-suite diamonds remains contentious (Haggerty, 1999; Cartigny, 2005; Griffi n and O'Reilly, 2007) .
In this paper, we present stable isotope data for eclogitic diamonds and their coesite and garnet inclusions, primarily measured with ion microprobe/ secondary ion mass spectrometry (SIMS) methods. We use the results to constrain competing models for the origin of low-δ 13 C eclogitic diamonds.
SAMPLES AND METHODS
Coesite, a high-pressure silica polymorph, and Cr-poor Ca-Mg-Fe garnet are well-known members of the eclogite suite of minerals included in diamonds (Meyer, 1987; Sobolev, 2006) . We have studied diamonds with coesite inclusions from the Quebrada Grande placer deposits in the Guaniamo region of Venezuela, the Argyle lamproite in Western Australia, and the Orapa kimberlite in Botswana, and garnet-bearing diamonds from Argyle. The Guaniamo and Orapa samples were analyzed for δ 13 C and δ
18
O in polished sections of diamonds using a CAMECA 4f ion microprobe at the University of Edinburgh, Scotland (Schulze et al., 2003 (Schulze et al., , 2004 , and references therein). The Guaniamo and Orapa diamonds show distinct zoning in cathodoluminescence images (e.g., Fig. 1 ) and are typically zoned in δ 13 C (e.g., Schulze et al., 2004) . The carbon isotope compositions reported here are for analytical points adjacent to the coesite grains. The δ
O values for coesite and garnet inclusions in the Argyle diamonds were measured on grains extracted from diamonds by breakage (Jaques et al., 1989) , mounted in epoxy, and analyzed by SIMS methods using a CAMECA 1280 ion microprobe at the University of Wisconsin (United States) with methods described by Kelly et al. (2007) , Kita et al. (2009), and Page et al. (2010) . Carbon isotope compositions of the Argyle stones were determined by combustion methods using fragments of the diamonds (Jaques et al., 1989;  Table 1 ).
RESULTS
Carbon isotope ratios of all but one of the diamonds are anomalously low (δ C value of −9.0‰. For each suite, the data are within, and typical of, the published carbon isotope compositions of eclogitic diamonds from that locality (Jaques et al., 1989; Kaminsky et al., 2000; Deines et al., 1993) .
The oxygen isotope compositions of the coesite inclusions are anomalously high (δ O ratios of the Argyle garnets are in the range +6.0‰ to +8.3‰, with the exception of the garnet from the diamond with the highest carbon isotope value (−5.9‰), which has a δ 18 O ratio of +5.7‰. The carbon and oxygen isotope data are summarized in Table 1 and illustrated in Figure 2 .
COMPARISON WITH DIAMOND ECLOGITES
In addition to data from single diamonds, Figure 2 also contains data from diamondiferous eclogite xenoliths and polycrystalline diamond aggregates (framesite) from several kimberlites (Deines et al., 1991; Snyder et al., 1995; Jacob et al., 2000) . For reference, a fi eld labeled "common mantle" is illustrated, with boundaries of δ 13 C = −8‰ to −2‰ and δ
18
O(whole rock) = +5‰ to +6‰, which would enclose the vast majority of data for fresh mantle-derived materials such as basalts and carbonatites (e.g., Cartigny, 2005) that have not had crustal material play a role in their genesis. Approximately two-thirds of the diamond-bearing eclogites and diamond aggregates (Deines et al., 1991; Snyder et al., 1995; Jacob et al., 2000) have silicates (garnet or clinopyroxene) with δ O values than are known from the entire population of mantle eclogite xenoliths in kimberlite or any other mantle rock type. We view the correlation of low δ 13 C in diamond with high to extremely high δ 18 O of included coesite or garnet, not previously noted, to be of fundamental importance in understanding the relationship between the sources of oxygen and carbon in the eclogitic diamond paragenesis. This relationship suggests that information critical in deciphering the origin of eclogitic diamonds may be preserved only inside the impermeable diamonds, and has been lost or modifi ed in the unencapsulated minerals of the diamond-bearing eclogites in the open system of the upper mantle in the billions of years following diamond formation.
DISCUSSION
Initial interpretations of anomalously high (and low) oxygen isotope values in mantle eclogites as the result of fractionation effects in mantle magmas (Garlick et al., 1971) are inconsistent with experimental data on April 2, 2013 geology.gsapubs.org Downloaded from (Chacko et al., 2001) . Anomalous oxygen isotope values in mantle eclogite assemblages (eclogite xenoliths and E-suite inclusions in diamonds) are now generally thought to be inherited from seafl oor weathered and/or hydrothermally altered crustal basalts and gabbros (e.g., Jagoutz et al., 1984; Jacob, 2004; Schulze et al., 2004; Cartigny, 2005) . The seafl oor hypothesis is supported by the fact that throughout the process of subduction of altered basic rocks and prograde metamorphism to eclogite facies, the characteristic oxygen isotope signature of seafl oor alteration is largely preserved, as is evident from the anomalous δ
18
O values of subductionzone eclogites (e.g., Leech and Ernst, 1998) . The origin of the anomalously low carbon isotope values of eclogitic diamonds associated with the subducted ocean-fl oor material, however, has remained a point of contention (Cartigny, 2005; Griffi n and O'Reilly, 2007) .
The "primordial inhomogeneity" model for the wide range of δ 13 C in eclogitic diamonds (Deines, 1980; Haggerty, 1999) has been generally discounted as it is "not supported by data from other fi elds of mantle isotope geochemistry" (Cartigny, 2005, p. 81 ). Agreement has not been reached, however, on the other two competing hypotheses. Is the carbon in eclogitic diamonds completely mantle derived, and low carbon isotope ratios the result of Rayleigh fractionation of mantle fl uids (Deines, 1980; Cartigny et al., 1998; Griffi n and O'Reilly, 2007) , or are the low carbon isotope ratios inherited from biogenic carbon subducted into the mantle (Sobolev et al., 1979; Kirkley et al., 1991) ?
It has been argued that because many low δ 13 C eclogitic diamonds have nitrogen isotope ratios that appear to indicate a mantle source for the nitrogen, the carbon in these diamonds must also be mantle derived (Cartigny et al., 1998; Cartigny, 2005) . In this model, the low δ 13 C of the diamonds is the result of Rayleigh fractionation effects, and the model has been applied to both E-suite and P-suite diamonds (Cartigny et al., 1998) . This interpretation of the data, however, requires a common source for both carbon and nitrogen in the diamonds, but such a common origin has not been demonstrated. Furthermore, Argyle eclogitic diamonds, with low δ , 1997) , demonstrating that the nitrogen isotope composition of the mantle is not homogeneous, and is not well known.
We suggest that the correlation between low δ O signatures through high-temperature hydrothermal sub-seafl oor alteration of lower oceanic crust (e.g., Jacob, 2004) , the rare examples of these that contain diamonds (Snyder et al., 1995) have δ
13
C values within the range of "common mantle" carbon (Fig. 2) . This is consistent with our model, in which little biogenic carbon would be present at the high temperatures (>350 °C) and depths at which hydrothermal exchange with heated seawater could create a mafi c (e.g., metagabbro) protolith with low δ
18
O values (e.g., Gregory and Taylor, 1981) . The "common mantle" δ 13 C values of rare diamonds associated with the low δ
O eclogites are those to be expected if the carbon itself is derived from mantle carbon contained within the mantle-derived mafi c rock.
The alternative model for the preferential association of low-δ 13 C diamond with eclogites is based on experimental evidence that decarbonation reactions in the mantle, capable of producing low-δ 13 C fl uids that could precipitate low-δ 13 C diamond, are restricted to eclogite (not peridotite) mineral assemblages (Luth, 1993) . In this model, however, low-δ 13 C diamonds should occur in eclogite assemblages with any δ 18 O value (above, below, or within those of the "common mantle"). The data in Figure 2 do not support this hypothesis. There is no known process that could operate at mantle temperatures to fractionate oxygen isotope ratios and form the high δ
O shown in Figure 2 starting with a mantle-like value of 5.5‰. Therefore, the high δ
O values must have been acquired at low temperatures. In diamonds with eclogitic inclusions and in diamond-bearing eclogitic rocks, diamonds with low δ 13 C are consistently associated with silicate minerals with high δ 18 O. We conclude, therefore, that this anticorrelation of oxygen and carbon isotopes provides strong new evidence demonstrating that the original source of carbon in these eclogitic diamonds is from subducted biogenic material.
